Reovirus, a double-stranded benign human RNA virus, preferentially infects and kills transformed, cancerous cells as compared with healthy normal cells ([@bib4]). This selective oncolytic ability of reovirus has advocated its use as a novel anti-cancer agent for the treatment of various cancers ([@bib27]). While the primary mode of action for reovirus oncotherapy is oncolysis (i.e., direct destruction of cancer cells), increasing evidence suggests that reovirus further invokes the chain of anti-tumour immunological events, innate and adaptive, that ultimately culminate in developing the anti-tumour immune response ([@bib6]; [@bib32], [@bib33]; [@bib10], [@bib12], [@bib9]; [@bib39]). Such reovirus-induced anti-tumour immunity attacks existing cancer cells and further protects the host against subsequent tumour challenge even after discontinuation of the therapy ([@bib10]), and thus bears the potential to govern long-term cancer-free health. Therefore, reovirus oncotherapy can simultaneously target cancer cells through two distinct anti-cancer mechanisms: (1) direct oncolysis and (2) anti-cancer immunity. Currently, reovirus is undergoing phase I, II, and III clinical trials in Belgium, the United Kingdom, and the United States.

Exhaustive evidence thus far documents that the presence of anti-tumour immunity strongly correlates with positive cancer outcomes and better survival ([@bib37]; [@bib24]). However, in the context of tumour microenvironment, the induction of anti-tumour T-cell responses is faced with many challenges. Tumours employ various immune evasion strategies and thus establish a milieu that prohibits the activation of anti-tumour immune activities. For example, tumours escape immune-mediated elimination through impaired antigen presentation ([@bib43]; [@bib38]) or processing ([@bib13]), enhanced expression of immunosuppressive molecules ([@bib36]; [@bib23]), and recruitment of immunosuppressive cells such as regulatory T cells and myeloid-derived suppressor cells (MDSCs). Indeed, the desired anti-cancer immunity can be enhanced by using interventions that challenge tumour-associated suppressive microenvironment ([@bib1]; [@bib5]). In this regard, reovirus is known to overturn various tumour-associated immune evasion mechanisms before invoking protective anti-tumour immunity ([@bib10], [@bib12], [@bib9]).

It should be noted however that oncolytic virus-driven immune responses have both positive and negative effects on the efficacy of oncotherapy. The anti-viral immune responses produced after therapeutic injections of reovirus have proven to be detrimental for the oncolytic capabilities of the virus. Hence, although reovirus has shown tremendous potential in *in vitro* studies and in immuno-compromised animals, its efficacy is compromised when implemented in hosts with an intact immune system. It is now acknowledged that the optimum efficacy of reovirus-based therapy can be achieved only after strategic management of both oncotherapy-initiated anti-tumour and anti-viral immune responses. In this context, complementary interventions that can potentiate anti-tumour and/or dampen anti-viral immunity are considered to be the key partners in achieving the maximum benefits of oncolytic virus-based therapies.

Gemcitabine (GEM) is an FDA-approved chemotherapeutic agent that is now used for the treatment of a variety of cancers, including pancreatic cancer, bladder cancer, lung cancer, and ovarian cancer (OC) ([@bib14]; [@bib2]; [@bib8]; [@bib15]; [@bib18]; [@bib31]). Many studies thus far have reported the use of similar chemotherapeutic agents with reovirus ([@bib34]; [@bib20], [@bib19]; [@bib30]; [@bib17]). Apart from its direct cancer killing activity, GEM also induces anti-tumour immune responses in cancer-bearing hosts in pre-clinical studies ([@bib41]). Thus, we hypothesised that GEM may complement reovirus therapy to achieve enhanced direct oncolysis and to further potentiate reovirus-induced anti-tumour immunological activities. Using an immuno-competent murine model of OC, we demonstrate that the reovirus+GEM combination therapy produces better cancer outcomes and that these therapeutic benefits result primarily from the augmentation of anti-tumour immune responses through the modulation of the tumour-associated immunosuppressive microenvironment.

Materials and methods
=====================

Reovirus production, cell lines, and reagents
---------------------------------------------

Reovirus (serotype 3, Dearing strain) was grown and purified *via* the established protocol ([@bib4]). Mouse ovarian surface epithelial (MOSE) ID8 cells were obtained from Edith Lord (University of Rochester, Rochester, NY, USA) ([@bib35]) and cultured in complete RPMI-1640 with 5% (vol/vol) Glutamax, 10 % fetal bovine serum (FBS), 1 × sodium pyruvate, 1 × non-essential amino acids, and 1 × Anti-Anti (all from Invitrogen, Carlsbad, CA, USA). Antibodies and peptides were purchased from the following respective vendors: eBioscience (San Diego, CA, USA): APC-anti-Mouse MHC Class I molecule Kb (AF6-88.5.5.3), APC-anti-Mouse Ly-6G (Gr-1) (RB6-8C5), PerCP-Cy5.5-anti-Mouse CD11b (M1/70), FITC-anti-Mouse CD4 (RM4-5), PE-anti-Mouse CD3*ɛ* (eBio500A2), CD71 (R17217), and CD69 (H1.2F3). Invitrogen: Alexa 488-Annexin V, 5- (and 6-)-carboxyfluorescein diacetate (CFSE); BD Biosciences (Mississauga, ON, Canada): 7-Amino-Actinomycin D (7-AAD), PerCP-Rat anti-Mouse CD8*α* (53-6.7); Jackson ImmunoResearch Laboratories (West Grove, PA, USA): Cy2-goat anti-rabbit; GenScript (Piscataway, NJ, USA): Ovalbumin peptide-SIINFEKL (ova257-264); Santa Cruz (CA, USA): *β*-actin (C4). Anti-reovirus polyclonal rabbit antibody was previously described ([@bib28]). Gemcitabine (Sandoz Canada Inc., Boucherville, QC, Canada) was injected intraperitoneally (i.p.) at a concentration of 120 mg kg^−1^ and was also used at the IC50 dosage on MOSE ID8 cells *in vitro* unless specifically indicated ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

*In vivo* experimental manipulations
------------------------------------

All experimental procedures performed during this study were governed by the approval of the Ethics Committee at Dalhousie University, Halifax, Nova Scotia, Canada. Animal experiments strictly followed the guidelines of The Canadian Council on Animal Care (CCAC), and were performed by incorporating three Rs (replacement, reduction, and refinement) of animal welfare. Six- to eight-week-old female wild-type (WT) C57BL/6 mice were obtained from Charles River Laboratory (Montreal, QC, Canada). Mice were injected i.p. with ID8-WT or ID8-OVA cells and treated according to protocols shown in the respective figures. For survival studies, animals were humanely killed at the time point when they developed ascites.

Western blot analysis
---------------------

Whole-cell lysates were harvested and lysed using RIPA buffer (50 m[M]{.smallcaps} Tris--HCl pH 7.4, 1% NP-40, 0.5% Na-deoxychlorate, 150 m[M]{.smallcaps} NaCl, 1 m[M]{.smallcaps} EDTA, 2 m[M]{.smallcaps} NaF, 2 m[M]{.smallcaps} NaVO4 and 1 × protease inhibitor cocktail (PIC); Sigma, St. Louis, MO, USA). Protein samples were boiled for 5 min in protein sample buffer (50 m[M]{.smallcaps} Tris pH 6.8, 1% SDS, 10% glycerol, 0.01% Bromophenol Blue, 5% *β* mercaptoethanol) and loaded on a 12% SDS--PAGE gel. Following electrophoresis, proteins were transferred onto nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). Odyssey blocking buffer (Li-Cor, Lincoln, NE, USA) was used to block the membrane for 1 h at room temperature after protein transfer. Primary antibodies were added to the membrane and incubated overnight at 4 °C. Secondary antibody (Li-Cor) was added at a 1 : 10 000 dilution for 1 h at room temperature. Blots were scanned with the Odyssey Infrared Imaging System (Li-Cor) to visualise protein signals and intensities.

Reovirus infection and titers
-----------------------------

Ovarian cancer ID8-WT cells were plated and infected at 0.1 or 1 multiplicity of infection (MOI). Specifically for the reovirus titration experiment, ID8-WT cells were infected with the indicated MOI and collected after 24 h of treatment. Supernatant or 'total\' (cells and supernatant) was collected and titered on L929 cells by standard plaque assay as previously described ([@bib28]).

Lymphocyte and MDSC isolation
-----------------------------

For lymphocytes, a single-cell suspension of splenocytes was treated with RBC-lysing ammonium chloride (ACK) buffer, washed and verified for cell viability and cultured in the presence of complete RPMI-1640. For bone marrow (BM) isolated MDSCs, BM haematopoietic progenitor cells obtained from tibia and femur bones of C57BL/6 were treated with ACK buffer, washed and isolated with the MDSC isolation kit (Miltenyi Biotec, Auburn, CA, USA) following the manufacturer\'s instructions. BM-isolated MDSCs were cultured in complete RPMI-1640. Tumour-associated MDSCs (ascite-isolated MDSCs) were collected from the peritoneal cavity of OC-PC bearing mice. Cells were treated with ACK buffer, washed and MDSCs were isolated with the MDSC isolation kit. Isolated tumour-associated MDSCs were cultured in complete RPMI-1640 containing 50% ascites plasma. Cell-free ascites plasma was collected *via* centrifugation before ACK treatment and washing.

T-cell proliferation and activation assay
-----------------------------------------

T-cell proliferation was monitored and quantified using a CFSE-based cell proliferation assay as previously described ([@bib11]; [@bib10]). The halving of CFSE fluorescence was analysed using the CellQuest Pro software (Becton Dickinson, Franklin Lakes, NJ, USA). CFSE-labelled or non-labelled splenocytes were cultured in the presence of SIINFEKL and then monitored in flow cytometry for cell division through halving of CFSE fluorescence. T-cell activation was visualised and quantified through probing for T-cell activation markers (CD69 and CD71) in flow cytometry after stimulation with concanavalin A (Con A) at 2.5 *μ*g ml^−1^. FCS express V3 software, as described previously ([@bib10]), was used to define the percentage of cells with halved CFSE fluorescence after stimulation and the percentage of T cells expressing activation markers. The cell division index (CDI) is defined as the percentage of cells with halved CFSE fluorescence after stimulation with antigen divided by halved CFSE fluorescence cultured in medium only.

Quantitative real-time PCR
--------------------------

RNA extractions were conducted using Trizol methodology. RNA was quantified, diluted to a similar concentration, and synthesised into cDNA using Superscript II (Invitrogen, Burlington, ON, USA). A Stratagene MX3000P PCR machine was used for quantitative real-time PCR, using GoTaq qPCR Master mix (Promega, Madison, WI, USA) for amplification and quantification. All primers used, as described in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}, were purchased from Invitrogen. The results were collected and analysed by Livak and Schmittgen\'s 2-ΔΔCT method ([@bib25]). To calculate fold change, signals were first normalised against GAPDH and then compared against the respective PBS-treated controls.

Flow cytometry and statistical analysis
---------------------------------------

Flow cytometry data were collected with FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) and analysed with CellQuest Pro (BD Biosciences, San Jose, CA, USA), FCS Express V3 (DeNovo Software, Los Angeles, CA, USA), and ModFit LT (Verity Software House) software. For statistical analysis, two-tailed Student\'s *t*-test with 95% confidence interval was used and *P-*values of \<0.05 were considered as significant. Asterisks were used to signify *P-*values as follows: not significant (ns) = *P*\>0.05; \**P*⩽0.05; \*\**P*⩽0.01; \*\*\**P*⩽0.001. The survival rates were analysed using Kaplan--Meier survival analysis with 95% confidence interval coupled with log-rank test, and the difference between survival curves of different populations was considered when *P-*values of ⩽0.05 were observed.

Results
=======

Reovirus and gemcitabine combination treatment significantly increases the survival of OC-bearing mice as compared with either treatment alone
----------------------------------------------------------------------------------------------------------------------------------------------

Currently, live reovirus (Reo) and GEM (Reo+ GEM) combination treatment is undergoing clinical trials ([@bib26]). To understand any possible benefits of this combination therapy, we first evaluated the kinetics of the disease pathology and survival in OC-bearing animals. To perform this study, ID8 tumour-bearing C57BL/6 animals were treated with Reo and GEM alone or in combination as per the schematic shown in [Figure 1A](#fig1){ref-type="fig"} and then monitored for ascites development and survival. In accordance with our previous observations ([@bib9]), the animals treated with Reo showed delayed development of peritoneal carcinomatosis (PC), as evidenced by ascites development ([Figure 1B](#fig1){ref-type="fig"}), and statistically greater survival ([Figure 1C](#fig1){ref-type="fig"}) as compared with PBS-treated animals (median survival: PBS control---34 days *vs* Reo treated---47 days). Interestingly, when GEM was added to the Reo regimen, ascites development was further delayed and even higher survival was promoted (median survival: GEM treated---39.5 days; Reo+ GEM treated---67 days). These results demonstrate that Reo+GEM combination can further delay the development of the disease pathology and enhance survival in OC-bearing hosts, as compared with Reo (or GEM) treatment alone.

Gemcitabine hampers reovirus spread and replication
---------------------------------------------------

Since both GEM and reovirus target cancer cells, we first investigated whether the prolonged survival seen in animals described in [Figure 1](#fig1){ref-type="fig"} was due to increased cell death. For this purpose, ID8 cells were exposed to either 0.1 or 1 MOI of Reo or PBS with or without GEM (1 *μ*[M]{.smallcaps}) for 24, 48, and 72 h. The cultures were monitored for cell death with Annexin-V and 7-AAD staining using flow cytometry. The results ([Figure 2A](#fig2){ref-type="fig"}) showed that in general, GEM exhibited significantly greater killing capacity than that of Reovirus alone. At 24 h post treatment, the Reo+GEM combination induced more cell death than did either agent alone. However, at or beyond 48 h post treatment, the levels of cell death induced by the combination were comparable to those caused by GEM alone (approaching 100%).

We next examined whether GEM had a negative or positive effect on reovirus replication, in both total virus production and virus released into the medium. As shown in [Figure 2B](#fig2){ref-type="fig"}, GEM treatment significantly decreased the viral titers of both total virus produced and virus released in a dose-dependent manner. Next, we carried out flow cytometry analysis to determine whether GEM also negatively affects reovirus infection and spread. Utilising intracellular staining with a anti-reovirus antibody, comparable number of cells stained positive for reovirus for both Reo (0.1 MOI) alone and Reo (0.1 MOI) + GEM-treated cultures at 24 h, suggesting that GEM did not affect initial virus entry or replication at this time point ([Figure 2C](#fig2){ref-type="fig"}). Similar observations were also obtained with Reo (1 MOI) alone or Reo (1 MOI) + GEM-treated cultures at 24 h. However, at both 48 and 72 h time points, cells treated with the Reo+GEM combination showed significantly reduced reovirus infectivity compared with those treated with Reo alone (for both 0.1 and 1 MOI concentrations). The lower percentage of reovirus-infected cells at the 48-h and 72-h time points compared with the 24-h time point (particularly for the 1 MOI cultures) likely reflects the higher number of dead cells at these later times (see [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). In congruence with the data from flow cytometry, western blot analysis showed reduced abundance of reovirus proteins in Reo+GEM-treated cells as compared with Reo alone-infected cells at 24, 48, and 72 h ([Figure 2D](#fig2){ref-type="fig"}). Collectively, we conclude that GEM negatively affects the spread and replication of reovirus.

Reovirus and gemcitabine combination blocks the early recruitment of MDSCs
--------------------------------------------------------------------------

Since GEM has a negative effect on reovirus replication and release *in vitro*, we speculated that its ability to enhance reovirus efficacy *in vivo* is likely due to its capacity to modulate anti-tumour immune activities. From a mechanistic point of view, GEM is known to affect immune functions through inhibition of MDSCs ([@bib40]; [@bib21]). Recently, we have demonstrated that reovirus administration alone in OC-bearing animals induces a significant accumulation of MDSCs in the cancer microenvironment at 3 days post first injection (d.p.f.i.), which eventually subsides at 3 and 10 days post last injection (d.p.l.i.) ([@bib9]). Hence, we next determined whether GEM can alter this kinetics of reovirus-induced accumulation of MDSCs. To this end, C57BL/6 mice with ID8-induced ascites were injected with a therapeutic regimen of reovirus and GEM as per schematic shown in [Figure 3A](#fig3){ref-type="fig"} and then analysed for the frequencies of Gr-1+/CD11b+ cells (MDSCs) at 3 d.p.f.i. and 3 d.p.l.i. As shown in [Figure 3B](#fig3){ref-type="fig"}, animals injected with Reo alone showed a prompt increase in MDSC numbers at 3 d.p.f.i. However, the Reo+GEM combination failed to induce this increase. As summarised in [Figure 3C](#fig3){ref-type="fig"}, Reo+ GEM-treated mice showed significantly lower frequencies of MDSCs in both ascites and spleen as compared with Reo alone-treated animals at both 3 d.p.f.i. and 3 d.p.l.i. MDSC frequencies following GEM alone treatment were significantly lower at 3 d.p.l.i. in ascites but not in spleen, and remained at statistically unchanged levels at 3 d.p.f.i. in both ascites. Collectively, these results demonstrate that GEM inhibits the early recruitment of reovirus-induced MDSCs to the tumour microenvironment.

To rule out the possibility that GEM suppresses MDSC recruitment by direct killing of these cells, we isolated MDSCs from the ID8-induced ascites, and cultured them in the presence or absence of GEM and Reo alone or in combination. Similar to other publications ([@bib40]; [@bib21]), we have found that harvesting tumour-associated MDSCs in standard *ex vivo* culture media resulted in the spontaneously death of the majority of the tumour-associated MDSCs within 24 h. However, with the supplementation of tumour-bearing cell-free ascitic fluid, we were able to significantly reduce the spontaneous apoptosis of tumour-associated MDSCs in a dose-dependent manner ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Thus, ascites collected MDSCs cultured in 50% cell-free ascitic fluid and treated with the indicated treatments. GEM alone showed similar rates of survival as when cultured in medium only control ([Figure 3D](#fig3){ref-type="fig"}). Interestingly, MDSCs were effectively killed by either Reo alone or Reo+ GEM treatment. In contrast, MDSCs isolated from the BM of naive C57BL/6 mice were not significantly affected by Reo alone, GEM alone, or Reo+GEM treatments ([Figure 3E](#fig3){ref-type="fig"}). Collectively, our data demonstrate that GEM does not kill MDSCs directly but rather impedes the recruitment of these cells following therapeutic administration of reovirus in OC-bearing hosts.

Gemcitabine impairs the expression of reovirus-induced pro-MDSC factors *in vivo*
---------------------------------------------------------------------------------

The survival and pathophysiology of MDSCs is dictated by various immune factors such as TGF-*β*, IL-1*β*, IDO-1, GM-CSF, and COX2. Hence, we next analysed whether GEM can modulate the expression of these pro-MDSC factors during reovirus therapy. For this purpose, the ascites and tumour samples from ID8-induced cancer-bearing mice (injected as per the schematic shown in [Figure 3A](#fig3){ref-type="fig"}) were collected at various indicated time points, and then analysed for the expression of TGF-*β*, IL-1*β*, IDO-1, GM-CSF, and COX2 using quantitative real-time PCR. As shown in [Figure 4](#fig4){ref-type="fig"}, the therapeutic administration of reovirus induced significantly greater expression of TGF-*β*, IL-1*β*, IDO-1, GM-CSF, and COX2 in ascites (especially at 3 d.p.f.i.) compared with that of PBS-treated ID8 tumour-bearing animals. In comparison, when similar ascites-bearing animals were treated with Reo+GEM combination, there was a significant reduction in the expression of all pro-MDSC factors (TGF-*β*, IL-1*β*, IDO-1, and COX2) except GM-CSF in ascites. Similarly, significantly lower expression of IDO-1 and IL-1*β* was observed in the tumour samples collected from Reo+GEM combination-treated animals as compared with Reo alone-treated animals at 3 d.p.l.i. Such expression of pro-MDSC factors remained unchanged following GEM alone treatment in both ascites and tumour, except for increased expression of IDO-1 in ascites at both 3 d.p.f.i. and 3 d.p.l.i., and GM-CSF in tumour at 3 d.p.f.i. Collectively, these results show that GEM impairs the expression of the pro-MDSC immune factors during reovirus oncotherapy.

Lymphocyte survival and functionalities remain intact during Reo+GEM treatment
------------------------------------------------------------------------------

Most chemotherapeutic agents are known to cause immunosuppression through adverse effects on lymphocytes. However, our data thus far indicate the beneficial contribution of immunological components in promoting greater survival following Reo+ GEM combination administration in cancer-bearing animals. Hence, we further investigated the effect of GEM or Reo alone or in combination on the survival as well as functionalities of T lymphocytes. To this end, the splenocytes from naive C57BL/6 mice were isolated and incubated in the presence of Reo and/or GEM for 24 h, and then stained for annexin-V along with CD3, CD4, and CD8 T-cell markers. As shown in [Figure 5A](#fig5){ref-type="fig"}, all analysed T-cell subsets displayed similar rates of survival in the presence of Reo and GEM alone or in combination.

Similarly, to monitor the functional competencies of T cells, splenocytes from naive C57BL/6 mice were isolated and then stimulated with a mitogen (Con A) for 24 h in the presence of Reo and GEM alone or in combination, and then analysed for the expression of activation markers (CD69 and CD71) on T-cell populations. As shown in [Figures 5B and C](#fig5){ref-type="fig"} and summarised in [Figure 5D](#fig5){ref-type="fig"}, both CD4+ and CD8+ cells displayed comparable frequencies and magnitude of activation in the presence of GEM and Reo alone or in combination, as compared with those treated with PBS control. Collectively, these data demonstrate that the survival and functionalities of T cells remain unaffected in the presence of Reo+ GEM combination. In the context of our previously published results ([@bib10], [@bib9]), we have additionally observed that the tumour cells treated with Reo+GEM combination preserve reovirus-induced elevated expression of the molecules involved in antigen processing and presentation ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

Gemcitabine accelerates the development of reovirus-induced anti-tumour immunity
--------------------------------------------------------------------------------

Recently, we have demonstrated that the therapeutic administration of reovirus in tumour-bearing animals induces tumour-specific immune responses ([@bib12], [@bib9]). Hence, we characterised the status, quality, and magnitude of such reovirus-initiated anti-tumour immunity in the presence of concomitant GEM treatment. To investigate this, ID8 tumour cells expressing the surrogate tumour antigen OVA (ID8-ova) were used. In this model, the capacity of T cells to be stimulated specifically by the immunodominant epitope-containing OVA peptide (SIINFEKL peptide) indirectly illustrates a quantifiable measurement of an anti-tumour immune response. To this end, lymphocytes were obtained from the ID8-ova tumour-bearing C57BL/6 mice that were injected with a therapeutic regimen of Reo and GEM alone or in combination (as per [Figure 3A](#fig3){ref-type="fig"}), and then stimulated *in vitro* with the SIINFEKL peptide to monitor proliferation in CD3+ cells and IFN-*γ* production in CD3+,CD8+ T cells. As shown in [Figure 6A](#fig6){ref-type="fig"} and in accordance with our recent observation, lymphocytes from the tumour-bearing animals injected with Reo alone displayed a measurable T-cell proliferative response on 3 d.p.l.i., but not on 3 d.p.f.i. Importantly, tumour-bearing animals injected with Reo+GEM combination displayed significantly higher magnitudes of proliferation on 3 d.p.l.i as compared with Reo only-treated or untreated animals. A similar pattern was also observed with IFN-*γ* production capacities of SIINFEKL-stimulated CD3+, CD8+ T lymphocytes ([Figure 6B](#fig6){ref-type="fig"}). Collectively, these results demonstrate that the addition of GEM to the reovirus therapeutic regimen significantly accelerates the development of a reovirus-induced anti-tumour T-cell response of a higher magnitude in cancer-bearing hosts.

Discussion
==========

It is now acknowledged that the optimum anti-cancer benefits of oncotherapies can be harvested only after managing the effects of the accompanying immunological events. Hence, current scientific efforts have focussed on complementing the direct oncolytic properties of these viruses with supplementary interventions that can further potentiate such virus-induced anti-tumour immune activities. Gemcitabine, an FDA-approved anti-OC chemotherapeutic agent known to produce beneficial anti-tumour responses presents an ideal candidate to fulfill these requirements. We hypothesised that gemcitabine and reovirus can kill cancer cells through their direct oncolytic activities, and further complement each other\'s capacity to induce anti-cancer immune activities. Gemcitabine was therefore strategically employed in this study to evaluate its potential in promoting the anti-cancer benefits of reovirus therapy.

Our recent report ([@bib9]) demonstrated that the therapeutic administration of reovirus in OC-bearing hosts initiates the accumulation of MDSCs in ascites as well as in spleens during the innate phase of infection (specifically at 3 d.p.f.i.). Interestingly, the elevated levels of MDSCs subsided during the late phase of infection (especially after 3 d.p.l.i---corresponding to 7 d.p.f.i.) and coincided with the appearance of anti-tumour T-cell immune activities. Considering the fact that decreased levels of MDSCs correlated with the development of anti-tumour T-cell responses, we questioned the functional attributes of MDSC accumulation in the early innate phase. We hypothesised that downmodulation of MDSCs and associated immune effects during the innate phase could accelerate the development of anti-tumour immune activities. To achieve this goal, gemcitabine was injected 2 days before as well as during reovirus injection regimen. Indeed, gemcitabine efficiently reduced the reovirus-induced recruitment of MDSCs in the cancer micro-environment. More importantly, this early inhibition of MDSC recruitment was further associated with the development of accelerated tumour-specific T-cell response. These data conclusively demonstrate that gemcitabine inhibits reovirus-driven accumulation of cancer-associated MDSCs and accelerates the development of beneficial anti-tumour immune responses.

The pathophysiology of MDSCs is orchestrated by various immune factors, especially those present in the tumour microenvironment ([@bib29]; [@bib22]). These tumour-derived immune factors drive survival, accumulation, and functionalities of MDSCs and include molecules such as IL-1*β*, IL-6, IDO-1, TGF-*β*, GM-CSF, M-CSF, VEGF, COX2, and others (reviewed in [@bib29]; [@bib42]). For example, IL-1*β* is necessary for the induction, accumulation, and survival of MDSCs in tumour milieu ([@bib3]), IDO-1 aids MDSC-mediated depletion of tryptophan that subsequently kills effector T cells ([@bib42]) and TGF-*β* promotes the inactivation of T and NK cells ([@bib3]; [@bib29]). Similarly, tumour cells over expressing IL-1*β*, IL-6, and COX-2 are known to induce higher frequencies of MDSCs in cancer milieu ([@bib22]). We observed that during therapeutic reovirus infection, expression of these pro-MDSC factors was first elevated during the early phase (at 3 d.p.f.i.) and then subsided during the late phase (at 3 d.p.l.i.) in the tumour microenvironment. This kinetic was similar to that of the tumour-associated MDSC frequencies. It is hypothesised that reovirus induces MDSCs and pro-MDSC factors during the early phase of infection as an evolutionarily developed mechanism that protects the host against excessive tissue damage driven by virus-induced immunopathology. In the context of oncotherapy, however, these pro-MDSC factors also thwart any immune-mediated attack on tumour cells. Interestingly, GEM restricts the expression of reovirus-induced pro-MDSC factors, and establishes conditions more favourable for the initiation of anti-tumour immunity. As is evident from our data, animals injected with Reo+GEM developed stronger anti-tumour responses at 3 d.p.l.i., while this event was previously shown to be delayed until 10 d.p.l.i. in Reo alone-treated animals ([@bib9]). Collectively, our data suggest that while both reovirus and GEM can kill cancer cells directly, GEM also inhibits the reovirus-induced MDSCs, allowing for the accelerated development of anti-tumour immunity and hence, enhanced survival from OC ([Figure 7](#fig7){ref-type="fig"}).

It would be of great interest to further test our model by carrying out experiments in which one or more components of the immune system (e.g., MDSCs or T cells) is depleted. However, such an approach is impractical as any interventions that downmodulate the immune response would also affect reovirus-mediated oncolysis. We have previously demonstrated that inhibition of T-cell responses using anti-CD8 or anti-CD4 depletion antibodies enhances reovirus spread and direct tumour oncolysis ([@bib16]). Similarly, the depletion of MDSCs is known to affect viral replication and associated immunopathology ([@bib7]; [@bib44]). This confounding effect of immune-modulation on reovirus-mediated oncolysis prohibits the use of the 'immune cell depletion\' approach to delineate the exact contribution of the immune system in anti-tumour response.

In summary, the present study demonstrates the suitability of gemcitabine chemotherapy in conjunction with reovirus-based oncotherapy. We have comprehensively dissected various mechanisms that endow the reovirus/gemcitabine combination with a capacity to induce better outcomes from OC. In the context of current reovirus clinical trials that involve combination therapy with gemcitabine, our findings have important bearings on treatment regimen, efficacy, and patient outcomes.
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![**Reovirus and gemcitabine combination treatment significantly increases the survival of OC-bearing mice.** (**A**) Female C57BL/6 mice were implanted i.p. with 3 × 10^6^ MOSE ID8 cells, injected with a regimen of PBS/GEM/Reo alone or in combination, and then monitored for the development of ascites (**B**) and survival (**C**). Survival in respective experimental groups was calculated with the Kaplan--Meier survival method. Results were analysed with two-tailed, Student\'s *t*-tests with 95% confidence interval (CI); ns=*P*\>0.05; \**P*⩽0.05; \*\*\**P*⩽0.001. Asterisks shown immediately on top of the bars represent the *P-*values obtained by comparing the respective data against PBS control, whereas asterisks shown above the horizontal lines display the *P*-values obtained through comparison between Reo-treated group. Error bars are defined as mean+s.d. and data are representative of three independent experiments.](bjc2013695f1){#fig1}

![**Increased gemcitabine-induced cell death negatively affects the spread and propagation of reovirus *in vitro*.** MOSE ID8 cells were infected *in vitro* with 0.1 or 1 MOI of Reo in the presence or absence of 1 *μ*[M]{.smallcaps} of gemcitabine and then harvested at 24, 48, and 72 h, stained with annexin-V/7-AAD (detection of apoptotic cells) (**A**). (**B**) ID8 cells were infected with Reovirus (0.1 MOI) and treated with various GEM concentrations (0.01, 0.1, 1, 10, or 100 *μ*[M]{.smallcaps}). Next, the intracellular and extracellular fractions were collected after 24 h and assessed by standard plaque assay to quantify viral titers (PFU ml^−1^). (**C**) Cumulative data on intracellular staining of MOSE ID8 cells with anti-reovirus antibodies to visualise reovirus-infected cells are illustrated. The cumulative data for all conditions tested as noted. The asterisks shown above the horizontal lines display the *P-*values obtained through comparison between Reo and Reo+GEM groups at the respective time points. Asterisks shown immediately on top of the bars represent the *P*-values obtained by comparing the respective GEM-treated group against PBS control. Statistical analysis was performed with two-tailed, Student\'s *t*-test with 95% CI; ns=*P*\>0.05; \**P*⩽0.05; \*\**P*⩽0.01; \*\*\**P*⩽0.001. Error bars are defined as mean+s.d. (**D**) Abundance of reovirus protein in the ID8 cells collected after 24, 48, and 72 h were analysed by western blot. Data are representative of three independent experiments.](bjc2013695f2){#fig2}

![**Gemcitabine blocks reovirus-induced early recruitment of cancer-associated MDSCs in cancer environment through means other than direct oncolysis.** (**A**) Female C57BL/6 mice were implanted i.p. with ID8 cells and then monitored for the development of PC. Then, these mice were injected with regimen of PBS/GEM/Reo alone or in combination as shown in the schematic. (**B**) The ascites were harvested and stained to detect the percentage of MDSCs (Gr-1+/CD11b+ cells) by flow cytometry at the respective time points and as shown in a representative example. The events were collected with same settings of the acquisition mode in FACSCalibur, demonstrating the gradient of CD11b expression between various samples; however, the statistical data include all relevant events in the analysis. The cumulative data from both ascites and spleen shown in (**C**) represent the fold increase/decrease in the percentages of MDSCs after normalising against PBS alone-treated control at the respective day post first injection (d.p.f.i.) or day post last injection (d.p.l.i.). The data are representative of *n*=3 except for Reo+GEM at 3 d.p.l.i., which is *n*=1. MDSCs were isolated from the ascites of OC-bearing mice and cultured in 50% cell-free ascites fluid and complete RPMI-1640 (**D**), while those isolated from the bone marrow of naive mice were cultured in complete RPMI-1640 (**E**). Isolated MDSCs were then treated with Reo (1 MOI) and GEM (1 *μ*[M]{.smallcaps}) alone or in combination as indicated. Cells were harvested at 24 h and stained with GR-1+/CD11b+ antibodies along with apoptosis marker (Annexin-V) followed by flow cytometry. Data are representative of three independent experiments. Asterisks shown immediately on top of the bars represent the *P-*values obtained by comparing the respective Reo+PBS, GEM+PBS, and Reo+GEM-treated groups against PBS control. Statistical analysis was performed with two-tailed, Student\'s *t*-test with 95% CI; ns=*P*\>0.05; \**P*⩽0.05; \*\**P*⩽0.01; \*\*\**P*⩽0.001. Error bars are defined as mean+s.d.](bjc2013695f3){#fig3}

![**Gemcitabine impairs the expression of reovirus-induced pro-MDSC factors in ovarian tumours *in vivo*.** Female C57Bl/6 mice were injected as per protocol shown in [Figure 3A](#fig3){ref-type="fig"}, and then killed at the indicated time points to obtain respective tissues. The samples for 'ascites\' were collected from the cellular contents of ascitic fluid, whereas the samples for 'tumour\' were collected from the solid tumour masses attached to the vasculature in the peritoneum. These samples were processed, RNA was extracted, purified, and reverse transcribed using random primers. Quantitative real-time PCR was conducted with the gene-specific primers for IL-1*β*, IDO1, COX2, TGF-*β*, and GM-CSF followed by analysis using the Livak and Schmittgen\'s 2-ΔΔCT method ([@bib25]). Bar graphs illustrate the linear fold change of the indicated mRNA replicates normalised to GAPDH and compared against PBS control. Gene expression data are representative of three independent experiments. Statistical analysis was performed with two-tailed, Student\'s *t*-test as described; ns=*P*\>0.05; \**P*⩽0.05; \*\**P*⩽0.01; \*\*\**P*⩽0.001. Asterisks shown immediately on top of the bars represent the *P*-values obtained by comparing the respective data against PBS control, whereas asterisks shown above the horizontal lines display the *P-*values obtained through comparison between Reo alone-treated animals and GEM alone or Reo+ GEM-treated animals at respective time points. Error bars are defined as mean+s.d. and data are representative of 3--5 mice in each group and the qRT-PCR was completed in duplicates.](bjc2013695f4){#fig4}

![**Effect of Reo+GEM combination on T-cell functionality and survival, and tumour antigen presentation capacity.** Splenocytes isolated from naive C57BL/6 mice were stimulated with Con A (2.5 *μ*g ml^−1^) and treated with Reo (1 MOI) and GEM (1 *μ*[M]{.smallcaps}) alone or in combination for 24 h. (**A**) Splenocytes were harvested and stained with anti-CD3, anti-CD4, and anti-CD8 antibodies along with annexin-V and analysed by flow cytometry. (**B**--**D**) Alternatively, cells were stained for anti-CD4 (**B**) and anti-CD8 (**C**) antibodies along with anti-CD69 and anti-CD71 antibodies and analysed by flow cytometry. Bar graph represents a representative data from one of four independent experiments (**D**). Asterisks shown immediately on top of the bars signify the *P-*values obtained by comparing the Con A-stimulated groups against their respective Con A-stimulated counterparts, whereas asterisks shown above the horizontal lines display the *P-*values obtained through comparison between Con A-stimulated PBS control and other Con A-stimulated experimental groups as indicated. Asterisks represent the *P-*values obtained by comparing the PBS control groups at indicated time points with that of various experimental conditions at respective time points. Statistical analysis was performed with two-tailed, Student\'s *t*-test; ns=*P*\>0.05; \**P*⩽0.05; \*\**P*⩽0.01; \*\*\**P*⩽0.001. Error bars are defined as mean+s.d. and data are representative of four independent experiments.](bjc2013695f5){#fig5}

![**Gemcitabine potentiates reovirus-induced anti-tumour immune responses.** C57BL/6 mice were implanted with MOSE ID8-OVA cells and then treated with a therapeutic regimen of Reo and GEM alone or in combination as per protocol shown in [Figure 3A](#fig3){ref-type="fig"}. (**A**) Splenocytes were obtained on 3 d.p.f.i and 3 d.p.l.i., stained with CFSE and then stimulated with SIINFEKL peptide. After 72 h, cells were stained with anti-CD3 antibodies and then analysed by flow cytometry for the CFSE fluorescence halving in CD3+ cells to define cell division index. (**B**) Alternatively, splenocytes were stimulated with SIINFEKL for 18 h, stained with anti-CD3, anti-CD8, and anti-INF-*γ* antibodies and then analysed by flow cytometry. Statistical analysis was performed with two-tailed, Student\'s *t*-test; ns=*P*\>0.05; \**P*⩽0.05; \*\**P*⩽0.01; \*\*\**P*⩽0.001. Asterisks shown immediately on top of the bars signify the *P-*values obtained by comparing the respective data against PBS-treated control group, whereas asterisks shown above the horizontal lines display the *P-*values obtained through comparison between Reo alone-treated animals and GEM alone or Reo+GEM-treated animals at respective time points.](bjc2013695f6){#fig6}

![**An illustration of various mechanisms through which gemcitabine enhances the efficacy of reovirus-based oncotherapy.** Reovirus oncotherapy is known to target cancer through two distinct prongs: direct oncolysis (prong I) and virus-induced anti-tumour immune response (prong II). Gemcitabine also directly kills cancer cells, but also enhances the efficacy of reovirus-based therapy through immunological mechanisms, including: (1) inhibition of reovirus-induced MDSCs recruitment to the tumour microenvironment, (2) downmodulation of pro-MDSC factors, and (3) accelerated development of anti-tumour immunity.](bjc2013695f7){#fig7}
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